We report the synthesis of new inorganic/organic composite particles with a core/shell structure. The core component is an inorganic oxide (e.g. TiO 2 , CeO 2 or MoO 3 ), and the shell component is a double-strand polyaniline. Three methods for material synthesis were examined. The electrochemical properties of one type of the composite particles show electronic interaction between the organic conducting polymer shell and its inorganic core. The double-strand polyaniline in the composite shows better pH stability of the conductive form than that of the corresponding single-strand polyaniline in a similar core/shell composite.
INTRODUCTION
Organic thin film electronic and optical devices have been studied for the applications as photovoltaic devices, electrochromic display, thin film transistor, chemical sensor, and organic light emitting diodes. These devices invariably contain an organic / inorganic interface. Frequently, the device performance is dependent on this interface.
Nano inorganic particles coated with an organic shell are interesting for both the increased interfacial area per volume and the novel particle size effects. For example, dye molecules coated nano TiO 2 particles have been demonstrated as potential high-efficiency solar cells [1] . In this type of dye-sensitized solar cells, both the increased interfacial area and the size effect for the nano particle/electrolyte interface [2] contribute to the efficiency for the photovoltaic effect. The advantage of nano inorganic/organic composite was also demonstrated in the fast switching electrochromic devices [3, 4, 5] . The redox chromophore adsorbed on the nano semiconductor oxide provides much faster color switching time than the conventional electrochromic devices.
A natural extension to the dye coated inorganic particles is the π-conjugated polymer coated inorganic particles. Examples of the π-conjugated polymers include polyaniline (PAN), polypyrrole (Ppy), polythiophene (PT) and poly(p-phenylenevinylene) these polymers, when doped, are organic semiconductors with electronic conductivity.
In this paper, we report the synthesis of organic / inorganic composite particles with a core / shell structure. The organic shell of the composite is polyaniline and the inorganic core material includes TiO 2 , CeO 2 , and MoO 3 . Both the nanometer size and the micrometer size composite particles were prepared for their potential as fast switching electrochromic material [3] and as novel anticorrosion pigments [6] .
The organic component of the composite material is a polymeric complex of polyaniline. Instead of using the conventional single-strand polyaniline, we use a double-strand polyaniline (Figure 1 ) as the organic component of the composite particle. The double-strand polyaniline are advantageous comparing with the single-strand polyaniline because of its better stability of the conductor state, and because of the improved processability for adsorption of a thin layer of the polymer on the inorganic particles. The conventional single strand polyaniline (ss-PAN) is susceptible to loss of dopant, and the resulting loss of electronic conductivity. The molecular dopants are the necessary counter anions (e.g. Cl -, p-toluenesulfonate, and camphor sulfonate) associated with the mobile positive charge carriers (polarons) of the polymer backbone. Unfortunately, the molecular anions in the single-strand polyaniline are susceptible to solvent extraction and heat induced phase segregation. The conductivity of polyaniline is lost when the polymer is dedoped. Another problem for the single-strand polyaniline is related to its instability against deprotonation. It is deprotonated in contact with water of pH greater than pH 4 or 5. The double-strand polyaniline (ds-PAN) is a molecular complex between a polymeric anion and polyaniline [7] . One example of the polymeric anion is poly(acrylic acid), PAA. In the molecular complex PAN:PAA, the linear polyaniline chain PAN is non-covalently bonded to PAA in a side-by-side fashion. The molecular complex was synthesized by a template-guided strategy [8, 9] in which the aniline monomers are first adsorbed on the polymeric template PAA, and then are polymerized to form the polymeric complex PAA:PAN. After chemical polymerization of the adsorbed aniline to form polyaniline, the PAA template remains as a part of the double-strand polymer.
The stability of the conductive state is greatly enhanced in a double-strand polyaniline (PAA:PAN) [10] . The polymeric anionic dopant is not lost by solvent extraction or heat induced phase segregation because it is part of a stable polymeric complex. The polymeric dopant also provides improved stability of the conductive state against deprotonation due to the polyelectrolyte effect of the polyanions such as poly(acrylic acid) and poly(styrenesulfonic acid) [10] .
EXPERIMENTAL DETAILS AND RESULTS

Synthesis of nano and micro inorganic/organic composites
Thee methods were used to synthesize the inorganic / organic composites. (1) A physical adsorption process is used to forms the composite (see Figure 2 ). (2) An in situ polymerization process that involves adsorbing poly(acrylic acid) and aniline on the inorganic particles, followed by oxidative polymerization of the adsorbed aniline to form the composite (see Figure   3 ). (3) Use the nano cerium(IV) oxide particles to initiate the polymerization of the double-strand polyaniline to form the organic shell on the inorganic core. In this method, the core/shell composite is formed by physically adsorb PAA:PAN on the inorganic micro or nano particles. The double-strand polyaniline is synthesized according to the template guided synthetic method previously described [11, 12, 13] . Briefly, the aniline monomers, An, are adsorbed on the poly(acrylic acid), PAA, backbone in an aqueous solution to form a PAA:(An) x complex. The mole ratio of aniline to acrylate monomer is chosen from 0.5 to 1. The molecular weight of PAA used for this study is M.W.=450,000 (from Aldrich Chemicals). The aniline monomers in the precursor PAA:(An) x are then polymerized by ammonium persulfate in acidic solution. The product is a dark green solution of the polymeric complex of poly(acrylic acid) and polyaniline, PAA:PAN.
Ds-PAN dispersed in H
When CeO 2 micro particles (from Wayne Pigment Corporation, Milwaukee, WI) are mechanically suspended in an aqueous solution of PAA:PAN, a spontaneous adsorption of the PAA:PAN complex takes place to result in a green powder that contains 5 wt % of PAA:PAN. A pretreatment of the surface of the MoO 3 particles facilitates the adsorption of PAA:PAN. The MoO 3 particles are first stirred in a dilute solution of poly(diallyldimethyl ammonium chloride). This surface-modified MoO 3 is then stirred in the PAA:PAN solution to allow for adsorption of the dispersed conducting polymer to form MoO 3 /ds-PAN composite. The same method was used to prepare the composite with the nano particles of TiO 2 and CeO 2 (from NanoTech, IL) to produce the nano CeO 2 /PAA:PAN and TiO 2 /PAA:PAN composites. Figure 4 shows the microscope image of the micron size (10 to 20 µm) MoO 3 /ds-PAN composite particles. The particles show the green color of PAA:PAN in the color image of Figure 4 . When the same image is examined with cross polarizers (Figure 5 ), every green particle in the picture reveals an underlying MoO 3 crystalline core. This indicates that the physical adsorption process is efficient and the all the products are composite particles with the core/shell structure. The second method (see figure 3 ) for preparing the composite material involves the chemical polymerization of the double-strand polyaniline in a solution containing the dispersed micro or nano inorganic particles such as TiO 2 , CeO 2 , and MoO 3 .
The first step of this synthesis is to adsorb a precursor PAA:(An) x on the inorganic particles. Then an oxidant is used to chemically polymerize aniline (An) in the precursor to form the composite TiO 2 /PAA:PAN.
A dilution solution of poly(acrylic acid) (MW: 450,000 from Polyscience, 0.006mol) is mixed with a water dispersed inorganic nano particles of CeO 2 or TiO 2 (from Nanotech, 12 to 15 nm average diameter). The nano particles are homogeneously dispersed by ultrasound agitation. The resulting solution is a water dispersion of nano oxide particles stabilized by the adsorbed poly(acrylic acid). The mass ratio of PAA and CeO 2 is10:1.
Next, we add aniline to the dispersion at a molar ratio of 2:1 between acrylic acid monomer and aniline. A substantial fraction of the aniline monomer is adsorbed onto the poly(acrylic acid). The resulting dispersed particles contain an organized assembly of CeO 2 /PAA:(An) x or TiO 2 /PAA:(An) x where An is the aniline monomers.
In the second step, the aniline monomers in the CeO 2 /PAA:(An) x or TiO 2 /PAA:(An) x particles are polymerized to form polyaniline. This is done by first acidify the solution by adding nitric acid to adjust the pH to 1 and by adding ammonium persulfate (from Aldrich Chemicals) to polymerize the adsorbed aniline. The mole ratio of aniline to persulfate is 1:1. The solution turns to dark green. The product is a water dispersion of the particles of the inorganic / organic composite. Cerium (IV) oxide nano particles have been known as a catalyst for oxidation of organic compounds [14] . Although the CeO 2 particles are insoluble in aqueous solution, the Ce +4 ions on the surface of the nano CeO 2 particles are potentially accessible as an oxidant. It is therefore not surprising that CeO 2 could initiate the oxidative polymerization of aniline to form polyaniline. When aniline is added to an acidic (pH 1) aqueous suspension of the nano CeO 2 particles, the solution immediately turns to the green color signaling the formation of dispersible polyaniline. We have not determined whether the dissolved oxygen is involved in the catalytic polymerization process. Spectroscopy studies verify that polyaniline is indeed formed in the solution. In contrast, the non-oxidative nano particles of TiO 2 dose not induce the polymerization of aniline. It is highly likely that the nano CeO 2 induced polymerization reaction takes place at the surface of the nano inorganic particle. The conducting polymer formed on the surface may have good interfacial contact with the inorganic core.
The composite CeO 2 /PAA:PAN was synthesized by the same method as that described in the synthesis method #2, except that the oxidant (NH 4 ) 2 S 2 O 8 was not added to the precursor in the second step. The polymerization takes place in air without the additional oxidant. The product is a green colored dispersion in water. The UV-visible spectra indicate that the product contains polyaniline.
The transmission electron microscope, TEM, picture indicates that these green particles are composed of an inorganic core and an organic shell. Figure 7 shows the electron micrograph of isolated particles synthesized with (left) or without (right) the second step of ammonium persulfate induced polymerization. The inorganic core, being electron dense, shows as the darker center of the image. The organic shell, composed of lighter elements, shows as the lighter ring around the central core. Double-strand PAN composite shows stability against dedoping. Figure 8 shows the UV-vis absorption spectra of the colloidal suspension of the nano composite CeO 2 /PAA:PAN dispersed in aqueous buffer solutions of pH3, 5, 8 and 10. The polyaniline in the composite show the characteristic polaron band at 800 nm for the green conductive form when it is in the pH buffers of 3, 5, 8. The deprotonation occurs at pH 10 when the green, conductive emeraldine salt form is converted to the blue, nonconductive emeraldine base form with the electronic band at λ=630 nm. The pH titration experiment shows that the organic shell has a pK a = 9 for the conductor-to-insulator transition. This is different from the single-strand polyaniline, but is consistent with the double-strand complex PAA:PAN. Figure 9 shows the UV-vis absorption spectra of the nano composite of CeO 2 /ss-PAN or TiO 2 /ss-PAN dispersed in the same aqueous buffer solutions. The single strand PAN composite was synthesized using sulfuric acid in place of the second strand PAA. It can be seen that at pH 6, the single-strand polyaniline is deprotonated and is transformed to the insulator form. This comparison shows that the double-strand polyaniline on the nanocomposite has higher pH stability than the single-strand PAN for its conductive form. 
Electrochemical response
The colloidal suspensions of the TiO 2 /ds-PAN and CeO 2 /ds-PAN are casted on Cyclic voltamograms were measured for thin film of TiO 2 /ds-PAN and CeO 2 /ds-PAN coated on platinum plates by solution casting of the colloidal suspensions. The cyclic voltamograms were measured with a three-electrode single-compartment cell equipped with a nano particle coated platinum as working electrode, a bare platinum plates as counter electrode, and a standard calomel electrode (SCE) as reference electrode. The electrolyte is 2 mol/l HCl aqueous solution. With a voltage scan range from 0 volt to 0.8 volt in a strongly acidic electrolyte, the main feature of the cyclic voltamogram is the first current wave that signifies the reversible redox transformation between the colorless leuco-emeraldine and the green emeraldine salt form of polyaniline. When the scanning speed was varied from 10 to 100 mV/s, the positions of the CV current peaks were not shifted, indicating that the electrochemical switching rate is faster than the scanning rate.
For the purpose of comparison, an electrochemically synthesized polyaniline (e-PAN) was electroplated on platinum electrode. The cyclic voltamogram of ss-PAN (with no inorganic particles) on platinum surface was compared with TiO 2 /ds-PAN and CeO 2 /ds-PAN in figures 10 and 11. It can be seen that while the redox waves for TiO 2 /ds-PAN and the e-PAN are nearly identical (Figure 10 ), the redox waves of CeO 2 /ds-PAN (Figure 11 ) is significantly shifted from that of the pure polyaniline film. The oxidation wave of CeO 2 /ds-PAN is shifted by about 0.5 V more anodic than that of the non-composite PAN. The reduction wave is shifted by 0.1 V anodic than e-PAN on platinum. It is notable that by having a Cerium oxide core, not only the redox potential of PAN shifts, but also the separation of the oxidative and the reductive waves are increased. Judging from the roughly equal total cathodic and the anodic currents, the redox process is still largely reversible. The increased hysteresis does not appear to be due to the slow response of the redox process because the peak position does not shift with the sweeping rate. The CeO 2 core induces a shift of the redox potential of the polyaniline shell. This indicates that there is an electronic transfer across the interface between the nano core and the organic conductive shell. 
CONCLUSION
This paper describes the synthesis of inorganic/organic hybrid materials with a core/shell structure. The core material includes nano and micro particles of TiO 2 , CeO 2 , and MoO 3 . The shell material is the double-strand polyaniline. Three types of synthetic methods are described. The first method employs adsorption of water-soluble double-strand polyaniline on the metal particles. The second method is to chemically polymerize the aniline by ammonium persulfate to form the organic shell. The third method involves the use CeO 2 as an oxidative catalyst to initiate the polymerization to form the PAA:PAN shell.
The composites show the expected stabilization of the conductive state of polyaniline against pH induced dedoping. The CeO 2 / PAA:PAN nano particles synthesized with the third method show shift of the redox potential in cyclic voltamograms. This result suggests that there is an electronic charge transfer at the interface between the core and the shell of the nano particle.
